ABSTRACT How bacteria control proper septum placement at midcell, to guarantee the generation of identical daughter cells, is still largely unknown. Although different systems involved in the selection of the division site have been described in selected species, these do not appear to be widely conserved. Here, we report that LocZ (Spr0334), a newly identified cell division protein, is involved in proper septum placement in Streptococcus pneumoniae. We show that locZ is not essential but that its deletion results in cell division defects and shape deformation, causing cells to divide asymmetrically and generate unequally sized, occasionally anucleated, daughter cells. LocZ has a unique localization profile. It arrives early at midcell, before FtsZ and FtsA, and leaves the septum early, apparently moving along with the equatorial rings that mark the future division sites. Consistently, cells lacking LocZ also show misplacement of the Z-ring, suggesting that it could act as a positive regulator to determine septum placement. LocZ was identified as a substrate of the Ser/Thr protein kinase StkP, which regulates cell division in S. pneumoniae. Interestingly, homologues of LocZ are found only in streptococci, lactococci, and enterococci, indicating that this close phylogenetically related group of bacteria evolved a specific solution to spatially regulate cell division.
found to inhibit Z-ring assembly in Caulobacter crescentus (28) , while another protein, PomZ, was recently found required to position the cell division site in Myxococcus xanthus (29) .
Streptococcus pneumoniae is an oval Gram-positive coccus that, similarly to the rod-shaped model organisms, divides in parallel planes perpendicular to its long axis (30) (31) (32) . During the cell cycle, S. pneumoniae achieves and maintains its oval cell shape by alternating peripheral peptidoglycan (PG) synthesis, which occurs during cell elongation, with septal PG synthesis, which occurs during cell division, although the latter prevails over the former (33, 34) . The cell division site is marked by a "wall band" or "equatorial ring" at the largest cell diameter. Soon after division starts, the equatorial ring is split into two identical rings, which delimit a central zone for peripheral PG synthesis and progressively move away from the center to become the cell division markers in the newly generated daughter cells (30, 35) . Although no mechanism for targeting the division machinery to the nascent septum has been identified in S. pneumoniae and the precise order of recruitment of the cell division proteins to the divisome is yet to be determined, the essential cell division initiator proteins FtsZ and FtsA localize to midcell at the earliest stages of the process (36, 37) . This event is then followed by the localization of the cell division regulator protein StkP (38) and the later cell division proteins DivIB (FtsQ), DivIC (FtsB), FtsL, FtsW, PBP2x, and PBP1a (37, 39, 40) and DivIVA (41) , which localize only after the FtsZ-ring has assembled.
Here we report, for the first time, the identification of LocZ (for Localizing at midcell of FtsZ), a topological determinant for cell division in S. pneumoniae. Our data show that LocZ arrives at midcell before FtsZ and FtsA, and its activity is important for proper septum placement, cell shape, and division. Based on its localization pattern and null mutant phenotype, LocZ is a putative marker to recruit FtsZ to midcell, likely acting as a positive regulator of Z-ring formation.
RESULTS
Inactivation of locZ in S. pneumoniae. We previously identified Spr0334 (now named LocZ) as one of the substrates phosphorylated, both in vitro and in vivo, by the eukaryotic-like kinase Ser/ Thr kinase, StkP (42) . LocZ is a membrane protein of unknown function. It consists of a predicted cytoplasmic domain (amino acids [aa] 1 to 158), a putative transmembrane domain (aa 159 to 179), and an extracellular part (aa 180 to 464) ( Fig. 1A ; see also Fig . S1 in the supplemental material). Sequence comparison showed that LocZ is present only in streptococci, lactococci, and enterococci and that it is not homologous to any other known protein and does not contain any annotated conserved domains, even when the most conserved N-and C-terminal regions were analyzed separately.
To assess the function of LocZ, we prepared a nonpolar markerless mutant, using a Cheshire cassette for gene inactivation in S. pneumoniae (43) . The resulting ⌬locZ strain was named Sp57. Deletion of locZ was confirmed by immunoblotting with antiLocZ polyclonal antibodies (Fig. 1B) , which documented the presence of LocZ in the wild type (WT) and its absence in the Sp57 null mutant. Consistent with the fact that LocZ is phosphorylated on Thr residues in vivo (42) , immunodetection with anti-phosphoThr (anti-pThr) antibodies revealed a phosphorylated protein of the size of LocZ in the cell lysates of the WT strain but not in those of the Sp57 null mutant (Fig. 1B) . To exclude the possibility of a polar effect due to locZ deletion, analysis of the transcription level of adjacent genes was performed by quantitative reverse transcription PCR (qRT-PCR). No changes in the expression of the flanking spr0332, spr0333, spr0335, and spr0336 genes were observed (see Table S1 in the supplemental material), indicating that deletion of locZ did not prevent the expression of the upstream or the downstream genes in the operon. A polar effect was further ruled out by complementation experiments (see below).
Sp57 showed a doubling time and viability similar to those of the WT strain (Fig. 1C) , although the lag phase was somewhat longer. As StkP is important for competence for genetic transformation and resistance to heat and oxidative and osmotic stresses and acid tolerance (44), we tested if its substrate LocZ also played a role in stress tolerance. The locZ null mutant was more sensitive to heat stress than the WT (Fig. 1D ) and showed 50% lower survival after exposure to oxidative stress (10 mM H 2 O 2 ) (data not shown). However, we did not observe significant differences in the sensitivity of Sp57 to osmotic stress and to low pH value and competence for genetic transformation (data not shown), suggesting that stress resistance is not generally regulated through phosphorylation of LocZ via StkP.
Absence of LocZ results in septum misplacement and cell division defects. Since StkP regulates cell division in S. pneumoniae (38) , we then examined the morphology of the Sp57 null mutant by both phase-contrast and electron microscopy. Albeit viable, the ⌬locZ mutant showed severe cell division defects, with cells dividing asymmetrically, generating daughter cells of unequal size (Fig. 1F, 2 , and 3; Table 1 ). As a consequence, abnormally small cells, resembling minicells, were frequently observed (Fig. 1F, 2 , and 3; Table 1 ). Analysis of phase-contrast images revealed that 31.8% (127/400) of the cells in strain Sp57 divided asymmetrically. Measuring the cell length with the automated MicrobeTracker software (45), we found that cells lacking LocZ were significantly shorter (1.61 Ϯ 0.39 m in strain Sp57) than the WT cells (1.83 Ϯ 0.39 m; P Յ 0.0001, Mann-Whitney rank sum test) (Table 1) , and their distribution in distinct length classes significantly differed from that of the WT (Fig. 1E) . To quantify the number of minicells, we then defined the length of the smallest WT cell as the minimal normal cell length and determined that 5.5% (22/400) of the Sp57 mutant cells were smaller. Interestingly, DAPI (4=,6-diamidino-2-phenylindole) staining showed that 2.5% (10/400) of cells of the whole population, accounting for 45% of the smaller cells (i.e., cells with lengths of Յ1 m), lacked DNA and thus were true minicells (Fig. 1F ), which were not previously described in S. pneumoniae. These minicells were always paired with larger cells, which contained DNA.
Scanning electron microscopy confirmed phase-microscopy findings and provided a more detailed picture (Fig. 2) . Wild-type cells at different stages of the cell cycle displayed the characteristic oval morphology (Fig. 2A) . On the other hand, 75% of the mutant cells looked misshapen (Fig. 2B) , had unequal daughter cell size, and produced minicells. Moreover, many cells, independently of their length, showed an irregular "potato-like" shape and abnormal poles, as the result of division septa placed not perpendicular to the long axis of the cell. Occasionally, cells with more than one incipient septum were also observed (Fig. 2B, subpanel B5 ). Transmission electron microscopy (TEM) revealed that some cells contained two invaginations, due to the presence of double partial septa in close proximity (Fig. 3C ) and other cells that contained two septa at different stages of closure (Fig. 3D) . Nevertheless, despite these abnormalities, there were many cells with completed septa.
Given the cell division defects described above, we examined the nascent sites of peptidoglycan (PG) biosynthesis by use of fluorescent vancomycin (VanFL) (46) . VanFL staining of the WT strain resulted in a typical pattern in which cell wall synthesis was labeled at midcell and at the equators of future daughter cells (see Fig. S2A in the supplemental material). On the other hand, although synthesis was also detected at the current division sites in the ⌬locZ mutant cell wall, in many cells septa were clearly shifted from the center and/or not perpendicular to the longitudinal axis of the cell (Fig. S2A) . Moreover, VanFL labeling at the equators of daughter cells was not so evident in the Sp57 mutant. Few cells of abnormal shape showed fuzzy fluorescent signals, not restricted to a particular area (open arrow in Fig. S2 ). These findings reflect the cell morphology observed by phase-contrast and electron microscopy, suggesting that LocZ may be a new cell division component involved in proper septum placement. Mutations or deletion of cell division genes in S. pneumoniae may show a strain-dependent phenotype (33) . Therefore, to ensure that the ⌬locZ phenotype did not depend on the genetic background, we constructed a nonpolar markerless mutant also in the unencapsulated R6 strain and in the encapsulated D39 progenitor.
The resulting strains, Sp239 (R6; ⌬locZ) and Sp267 (D39; ⌬locZ), respectively, showed a phenotype indistinguishable from that of Sp57 (see Fig. S2B in the supplemental material), confirming that lack of LocZ results in the same cell division defects in different genetic backgrounds.
Complementation of ⌬locZ restores the wild-type phenotype. To confirm that the observed phenotype was caused by the deletion of locZ, we constructed a strain (⌬locZ bga::P czcD -his6-locZ) named Sp60, carrying a histidine-tagged locZ wild-type allele under the control of the zinc-inducible P czcD promoter (47) , as the only source of locZ in the chromosome. Sp60 cells, cultured in the absence of the inducer Zn 2ϩ , did not express LocZ and showed morphology, size, DAPI staining pattern, and growth characteristics similar to those of the locZ null mutant (Table 1 ; also see Fig. S3A , C, and D in the supplemental material). When grown in the presence of Zn 2ϩ , Sp60 cells expressed His6-LocZ, albeit at a lower level than LocZ in the WT (Fig. S3B ), but nonetheless sufficient to fully restore WT morphology and size (Table 1 ; see also LocZ localizes to midcell during cell division. The locZ null mutant phenotype suggested that the protein could play a role in cell division. Therefore, we determined its localization in exponentially growing cells using LocZ tagged to the green fluorescent protein (GFP), in the Sp229 strain, which expresses gfp-locZ from its chromosomal locus under the control of its native promoter as the only copy of LocZ. The GFP-LocZ fusion was functional, because the Sp229 strain was indistinguishable from the WT ( As expected for a cell division protein, LocZ localized to midcell during the cell cycle. However, a more detailed analysis of the conventional six stages of pneumococcal cell division (41) revealed a unique localization profile of GFP-LocZ (Fig. 4) , so far not observed for other cell division proteins (33) . As shown in We then examined the localization of GFP-LocZ in the ⌬stkP genetic background. For this purpose, we constructed a ⌬stkP strain (Sp58; ⌬stkP bga::P czcD -gfp-locZ), expressing gfp-locZ under the control of the P czcD inducible promoter. ⌬stkP mutant cells (see Fig. S4B in the supplemental material) displayed a characteristic elongated morphology (42) with multiple Z-rings (38) and failed to phosphorylate LocZ (42) . In these cells, Zn 2ϩ -induced GFP-LocZ localized to multiple division septa, in a pattern similar to the localization previously reported for FtsA and DivIVA (38) . Hence, targeting of LocZ to midcell precedes StkP and does not depend on StkP and/or its phosphorylation state. LocZ is an early component of the pneumococcal cell division machinery. The above data suggested that LocZ may be an early cell division protein. Therefore, we determined the dynamics of LocZ localization and the timing of its arrival at midcell relative to FtsZ and FtsA, which are the earliest proteins known to localize at the division site in S. pneumoniae (36, 37) . For this purpose, we constructed strains allowing the simultaneous expression and visualization of LocZ and FtsZ or FtsA, fused to different fluorescent tags. The resulting double-labeled Sp242 (rfp-locZ, pBCSMH036) and Sp256 (rfp-locZ, bgaA::P czcD -gfp-ftsA) strains express red fluorescent protein (RFP)-LocZ under the control of its native promoter and, respectively, cyan fluorescent protein (CFP)-FtsZ from a plasmid under the control of a constitutive promoter (48) or GFP-FtsA under the control of the P czcD inducible promoter (38) .
We analyzed then the cellular localization of the coexpressed fusion proteins at the six stages of pneumococcal cell division ( The picture above was even more striking when we determined the localization of the protein kinase StkP and its substrate LocZ in the Sp248 (rfp-locZ bga::P czcD -gfp-stkP) strain, which expresses RFP-LocZ from its native promoter and GFP-StkP under the control of the P czcD promoter ( Fig. 5C ; also see Fig. S4E in the supplemental material) (38) . As expected, GFP-StkP was enriched at midcell, associated with the FtsZ-ring, until signs of constriction were visible and relocalized at the new equators later than FtsZ and FtsA (38) , while RFP-LocZ localized to the midcell only at the initial stages of the process. These results show that LocZ and StkP colocalize mainly at the early stage of cell division, in single oval cells at stage 1, accounting for 9% of cells (32/354), and in newly born cells at stage 6, which have already divided but not yet separated, accounting for 18.9% (67/354) of the cells, suggesting that the predivisional stage is the most likely phase at which LocZ can be phosphorylated by StkP.
FtsZ and FtsA are mislocalized in ⌬locZ mutants. The morphological abnormalities of the ⌬locZ null mutant indicated that the observed asymmetric cell division defects may be caused by a misplacement of the Z-rings. To test this, we constructed strain Sp243 (⌬locZ, pBCSMH036), constitutively expressing CFP-FtsZ (48) , and strain Sp257 (⌬locZ bga::P czcD -gfp-ftsA), expressing inducible GFP-FtsA (38) , and monitored FtsZ and FtsA localization throughout the cell cycle by time-lapse fluorescence microscopy ( Fig. 6 ; see also Movies S1 and S2 in the supplemental material). Figure 6 shows frames from the corresponding movies, with arrows indicating the different events that occur during cell division. Both FtsZ and FtsA tagged proteins formed a ring structure in ⌬locZ dividing cells, but frequently these rings were mislocalized ( Fig. 6 ; Movies S1 and S2). Many of the rings were displaced from the cell center and often oriented randomly with respect to the long and the short cell axis, resulting in daughter cells of variable size. Occasionally, two Z-rings were observed in the same cell. Some of the minicells could still divide, while others could not, likely due to lack of DNA (Fig. 6) . Interestingly, we also observed abnormally shaped cells containing horseshoe-like CFP-FtsZ structures (Fig. 6A) . These cells did not divide but instead increased in volume. Similarly, large and slowly dividing or nondividing cells with horseshoe-like GFP-FtsA structures were observed in strain Sp257 (Fig. 6B) . These data indicate that, although LocZ is not strictly required for the Z-ring formation, in its absence the geometric symmetry of the cell is lost and proper positioning of the Z-ring is severely disturbed.
Localization of other cell division proteins in ⌬locZ mutant. Since localization of FtsZ and FtsA was disturbed in the ⌬locZ mutant, we also examined the localization of StkP and DivIVA, which are targeted to midcell later than FtsZ and FtsA (38) . In the WT Sp246 strain expressing GFP-StkP under the control of the P czcD inducible promoter, StkP localized at the cell membrane with a clear enrichment at the cell division sites (see Fig. S4C in the supplemental material), as previously reported (38) . In the mutant strain Sp249 (⌬locZ bga::P czcD -gfp-stkP), GFP-StkP localized also mainly to the cell division septa, which, however, were often shifted away from midcell (Fig. S4C) . From these data, we conclude that LocZ is not required for the localization of StkP, which localizes in the locZ null mutant with the rest of the cell division machinery. Similarly, also DivIVA-GFP localized to midcell and cell poles (Fig. S4D) as previously reported (38, 41) in both the WT Sp250 strain and the Sp253 (⌬locZ bga::P czcD -divIVA-gfp) mutant (Fig. S4D) , indicating that LocZ is also not required to target DivIVA to the septum. However, in this case, the characteristic polar dots of DivIVA-GFP helped to illustrate that not only the midcell but also the poles of many cells in the ⌬locZ mutant deviated from the longitudinal axis. Notably, we observed that in some abnormally shaped cells, DivIVA-GFP formed clusters at atypical positions, indicating an inability to recognize the cell poles (Fig. S4D) .
LocZ is phosphorylated on T67 and T78 in vivo. To identify the nature and location of the phosphorylation site(s) on LocZ, we used the pETDuet system based on the dual expression of the kinase with its substrate in the surrogate E. coli (49) . Mass spectrometry analysis unambiguously identified the presence of two phosphate groups, T67 and T78 ( Table 2 ), indicating that LocZ is specifically phosphorylated by StkP.
To confirm phosphorylation of both residues, we replaced them with unphosphorylatable alanine (A) by site-directed mutagenesis to introduce single or double mutations (Thr to Ala). The corresponding LocZ derivatives were expressed and purified as His-tagged proteins in E. coli. Following incubation with StkP and [␥-32 P]ATP, SDS-PAGE-autoradiography revealed that phosphorylation was partially inhibited in the LocZ-T67A and LocZ-T78A mutants and that this inhibition was almost complete in the doubly mutated LocZ-T67A/T78A protein (Fig. 7A) . However, a residual phosphorylation signal of LocZ-T67A/T78A suggested that the doubly mutated protein was still weakly phosphorylated. Since no other phosphoresidues were detected, we mutated also S80, previously identified together with T78 as a phosphoacceptor residue in a global study (50) . Nevertheless, phosphoryla- tion of the triply mutated LocZ-T67A/T78A/S80A protein was comparable to that of the double mutant (Fig. 7A) , indicating that there may be a yet-unidentified phosphoacceptor amino acid in LocZ in vitro, though its phosphorylation is minimal.
To understand the role of phosphorylation in vivo, we constructed strain Sp234 (R6, locZ-T67A/T78A) expressing LocZ-T67A/T78A at its native locus under the control of its own promoter. Immunodetection with specific antibodies showed that the level of expression of the unphosphorylated protein was similar to that of the WT (Fig. 7B) . Accordingly, the protein did not react with anti-pThr antibodies, confirming that it was not phosphorylated and T67 and T78 are indeed the phosphoacceptors in vivo. Nevertheless, phenotypic analysis did not reveal any differences between the locZ phosphoablative mutant and the WT strain (data not shown). To check whether hyperphosphorylation could affect the function of LocZ, we then constructed strain Sp235 (R6, locZ-T67E/T78E), expressing LocZ with phosphomimetic mutation T67E/T78E at its own locus under the control of its native promoter. Again, phenotypic analysis did not reveal any differences between the locZ phosphomimetic mutant and the WT strain (data not shown).
DISCUSSION
Here, we report the identification and the characterization of LocZ, a novel cell division protein that plays a role in proper septum placement in S. pneumoniae. Cells lacking LocZ are viable but display aberrant morphologies and cell division defects and generate minicells, about half of which are anucleate, which are reported for the first time in streptococci. Conversely, we did not observe anucleate normal-size cells, which have been noted in S. pneumoniae mutants impaired in chromosome segregation, such as parB or smc mutants (51) , suggesting that in the absence of LocZ the minicells arise from defects in septum placement rather than from defects in nucleoid partitioning.
A remarkable aspect of the locZ null mutant is the irregular shape of the cells, with poles that often deviate from the long cell axis. Accordingly, in cells lacking LocZ, PG synthesis is generally associated with misplaced division septa (see Fig. S2A in the supplemental material), supporting the notion that, in the pneumococcus, both sites of PG synthesis, peripheral and septal, are consistently coupled with the Z-rings (33) . Nevertheless, since cell wall biosynthesis is not significantly disturbed in the ⌬locZ mutant, there are two possible explanations for the misshaping. First, the activity of the PG biosynthetic enzymes may be affected in the absence of LocZ. Second, a simple mechanistic explanation assumes that, as the Z-ring is not perpendicular to the long cell axis, the cell symmetry cannot be maintained, although the function of the PG biosynthetic machinery is not affected.
FtsZ and FtsA localization is disturbed in the absence of LocZ, and misplacement of the Z-ring seems to be the main cause of aberrant cell division observed in the locZ mutant. At the molecular level, Z-rings not only appear shifted from the cell center but are often tilted randomly, relative to the long and short cell axes. Despite these defects, Z-ring formation is not usually compromised, and most of the ⌬locZ cells are able to divide and separate, as would be expected if the cell division septum were placed randomly.
The mechanisms that regulate the division site selection have not been yet elucidated in S. pneumoniae. So far, the D,Dcarboxypeptidase DacA/PBP3 is the only determinant proposed to be involved in the selection of the division site in pneumococci, on the basis that a dacA mutant is morphologically altered and exhibits severe division defects, with multiple septa initiated at aberrant locations (39, 52) . Although some ⌬locZ mutant cells may be rounder, as a result of the asymmetric septum placement, several important features distinguish the locZ from the dacA mutant phenotype. Multiple abortive initiation sites and regions with thickened cell wall reported for the dacA mutant are not seen in cells lacking LocZ, minicells are not a feature of the dacA mutant (39, 52) , and DacA has been shown to localize preferentially on the surface of both cell hemispheres (39, 53) . Our data show that LocZ localizes early at the division site, where it likely functions as a positive regulator of the Z-ring placement at midcell, although we do not know yet if it also promotes FtsZ polymerization. Since the Z-ring formation per se is not impaired in cells lacking LocZ and a Sequences of the phosphorylated peptides identified in LocZ as determined by liquid chromatography-tandem mass spectrometry (LC-MS/MS) following tryptic digestion are indicated, and phosphorylated residues (pT) are shown in bold. Z-rings are present in most of the cells, we cannot exclude the idea that LocZ affects only proper septum placement, thus acting solely as a spatial regulator of cell division. Until now, no such molecular effectors were reported in pneumococci. The genome of streptococci does not encode homologues of the Min system (41) or any of the previously identified nucleoid occlusion effectors (34) . Moreover, a mechanism involving nucleoid occlusion might be absent in S. pneumoniae, since it has been observed that FtsZ localizes over unsegregated nucleoids that completely separate concurrently with Z-ring constriction (54) . Positive regulation of division site selection, through the SsgA/B system and PomZ, has been, so far, reported only in Streptomyces spp. and M. xanthus, respectively (29, 55) . These positive regulators define the division site, recruit FtsZ, and promote its polymerization (29, 55) , while the negative regulators, such as the Min and the MipZ/ParB systems, localize to the cell poles, preventing Z-ring formation at noncentral sites by inhibiting FtsZ polymerization (23, 28, 56, 57) .
We show here that FtsZ is not properly localized at midcell in the absence of LocZ. Consistently, also other cell division proteins, such as FtsA, StkP, and DivIVA, which arrive at midcell together or after FtsZ (36, 38, 41) , are also mislocalized in the ⌬locZ mutant, reflecting the atypical position of the Z-ring in these cells and suggesting that their localization is, directly or indirectly, dependent on FtsZ. This may be particularly important for DivIVA, which localizes at the midcell but also at cell poles (41) . Lenarcic et al. (58) reported that DivIVA is likely targeted to the septum and then to the cell poles due to an interaction with the concave membranes. Here, we observed DivIVA enrichment also on the deviated poles of the mutant cells and its delocalization in some misshapen, often round, cells, where it formed clusters at random positions (see Fig. S4 in the supplemental material), possibly due to the absence of prolate cell poles.
Both LocZ and DivIVA are substrates phosphorylated, in vitro and in vivo, by the single Ser/Thr protein kinase StkP (42, 59 ), which we have recently shown to control cell division in S. pneumoniae (38) . Here, we identified two threonine residues, T67 and T78, in LocZ that are phosphorylated by StkP. However, when, to define the role of LocZ phosphorylation, we expressed the corresponding phosphoablative allele (LocZ-T67A/T78A) or the phosphomimetic allele (LocZ-T67E/T78E), both mutants showed a WT phenotype, suggesting that phosphorylation may not be crucial for LocZ function in cell division.
Consistent with the proposed function, LocZ is the first protein that localizes to midcell. Its position seems to associate with the "wall bands" or "equatorial rings," the markers for cell division in streptococci (30, 33, 35, 60) , which are also shifted in the absence of LocZ. Considering our colocalization studies (Fig. 5) , we propose a model for LocZ function. At the first stage of cell division, corresponding to the initial inward growth of the incipient septum at the cell equator, i.e., at the largest cell diameter, LocZ colocalizes with FtsZ and the other FtsZ-associated proteins, such as FtsA and StkP. Soon after the original equatorial ring splits and two wall bands are formed, LocZ associates with them, forming a characteristic doublet that is pushed away from the center, as the result of PG inserted in between the newly generated rings. As division progresses, and FtsZ constriction becomes evident at midcell, LocZ approaches the equators of the future daughter cells, directing FtsZ localization for the next division.
It was previously suggested that the equatorial ring alone could serve as the marker for septum placement, through a yetunidentified mechanism (8, 60) . Here, we hypothesize that LocZ may function as a molecular marker associated with the equatorial ring, spatially regulating Z-ring formation at the midcell. LocZ is a unique protein, conserved only in a closely phylogenetically related group of bacteria, such as streptococci, lactococci, and enterococci, suggesting that they evolved a highly specific solution to select their cell division site, reflecting the specific requirements of the group to maintain cell symmetry and shape.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Bacterial strains and plasmids used in this study are listed in Table S2 in the supplemental material. S. pneumoniae Rx1, R6, and D39, well-characterized WT strains (38) , were used throughout this study. All strains and their corresponding derivative mutants were grown statically at 37°C in Trypticase soy broth (TSB) or semi-synthetic C medium (61) supplemented with 0.1% yeast extract (CϩY). Blood agar plates were made from Columbia agar containing 5% defibrinated sheep blood. S. pneumoniae cells competent for transformation were obtained by the addition of the competence-inducing peptide CSP-1 (62) . Medium composition and strain construction are detailed in Text S1 in the supplemental material. Escherichia coli DH5␣, grown in Luria-Bertani (LB) broth at 37°C with shaking, was used as a general-purpose cloning host. When necessary, the following antibiotics were added at the indicated concentrations (g · ml Ϫ1 ): erythromycin (Erm), 0.05; chloramphenicol (Cm), 10; kanamycin (Kan), 500; streptomycin (Str), 500; tetracycline (Tet), 2.5 or 1 (for S. pneumoniae); ampicillin (Amp), 100; spectinomycin (Sm) (100) (for E. coli). Oligonucleotides, recombinant DNA and protein techniques, Western blotting, and mass spectrometry. Mutant constructions, recombinant DNA and protein techniques, Western blotting, and mass spectrometry analysis were performed as described in Text S1 in the supplemental material. Oligonucleotides are listed in Table S3 in the supplemental material. N-terminal and C-terminal protein fusions are designated TAGProtein or Protein-TAG, respectively, throughout this study.
Environmental stress tolerance. Tolerance of pneumococcal strains to environmental stress was examined similarly as previously described (44) . The Rx1 WT strain and its isogenic ⌬locZ mutant were inoculated (6.8 ϫ 10 6 CFU ml Ϫ1 ) in TSB medium, and growth and viability were monitored turbidimetrically, by measuring optical density at 600 nm (OD 600 ) every 30 min and by counting viable cells onto agar plates, respectively (41) . To investigate sensitivity to heat stress, cultures were inoculated into TSB medium prewarmed to 37°C and 40°C. Acid tolerance was monitored by measuring growth in TSB medium adjusted to pH 6.5 and 7.5. Alkaline tolerance was monitored at pH 8.0. To test the tolerance of the WT and the ⌬locZ mutant to osmotic stress, bacteria were first grown to early exponential phase (OD 600 , 0.2) and then inoculated into prewarmed TSB medium with or without 400 mM NaCl. The sensitivity to H 2 O 2 was tested by exposing early exponential cultures (OD 600 , 0.2) to 10 mM H 2 O 2 for 15 min. Viable cell counts were determined by plating serial dilutions of cultures onto agar plates before and after exposure to H 2 O 2 .
Microscopy. For phase-contrast and DAPI staining analysis, cells were prepared as described previously (37) . Bacterial cultures, grown to an OD 600 of 0.3 in TSB, were fixed with 2.5% (vol/vol) paraformaldehyde, 0.03% glutaraldehyde, 30 mM sodium phosphate (pH 7.5), for 15 min at room temperature and 45 min on ice; washed two times in phosphatebuffered saline (PBS); and resuspended in GTE buffer (50 mM glucose, 20 mM Tris-HCl, pH 7.5, 10 mM EDTA) and fresh lysozyme solution (final concentration of 0.1 mg · ml Ϫ1 ). Cells were then transferred onto poly-L-lysine-coated PolyPrep slides (Sigma), washed twice with PBS, air dried, dipped in methanol at Ϫ20°C for 5 min, and allowed to air dry again. After rehydration, 2 l Vectashield (Vector Laboratories) containing DAPI (1.5 g ml Ϫ1 ) was added and samples were examined using an Olympus Cell R IX 81 microscope.
For transmission electron microscopy, exponentially growing bacterial cultures (20 ml) were centrifuged at 9,000 ϫ g for 10 min and the cell pellets were resuspended in 10 ml of fresh medium. Fixation was performed according to the method in reference 63. Bacteria were prefixed in 0.1% OsO 4 for 1 h and then fixed overnight in 1% OsO 4 . The fixed and extensively washed samples were dehydrated through an alcohol series followed by embedding into Vestopal resin. Ultrathin sections were contrasted using uranyl acetate and lead citrate (64) . Final samples were viewed in a Philips CM100 electron microscope (FEI, formerly Philips EO, the Netherlands) at 80 kV. Digital images were recorded using a MegaViewII slow-scan camera at a magnification of ϫ46,000 and processed with the Analysis 3.2 software (Olympus Soft Imaging Solutions GmbH, Muenster, Germany) using standard modules.
For scanning electron microscopy, samples were processed in parallel with those for TEM. One milliliter of culture was prefixed with 1.5% glutaraldehyde for 1 h. Then, cells were washed with cacodylate buffer and fixed with 3% glutaraldehyde in cacodylate buffer overnight at 4°C. After fixation, cells were extensively washed and then allowed to sediment overnight onto poly-L-lysine-treated SPI pore filters (pore size of 0.2 m) at 4°C. The filters were dehydrated through an alcohol series followed by absolute acetone and critical point dried from liquid CO 2 in a Balzers CPD 010 unit. The dried samples were sputter coated with gold in a Polaron sputter coater (E5100) (Quorum Technologies Ltd., Ringmer, United Kingdom) and finally examined in a Tescan Vega LSU scanning electron microscope (Tescan. Brno, Czech Republic) at 20 kV in secondary electron mode.
VanFL (Molecular Probes) staining of living cells was performed as described previously (38) . Cells were grown to an OD 600 of 0.2 in TSB and then labeled with 0.1 g ml Ϫ1 of VanFL-vancomycin (50:50 mixture) for 5 min at 37°C, before examination by fluorescence microscopy.
Localization of fluorescently tagged protein was performed basically as described elsewhere (38) . Cells expressing GFP or RFP fusion proteins under the control of the inducible P czcD promoter were cultivated at 37°C in either TSB or CϩY medium, and expression was induced by the addition of ZnCl 2 to a final concentration of 0.45 mM for TSB medium or 0.15 mM for CϩY medium, respectively. Two microliters of culture was spotted onto the microscope slide and covered with 1% PBS or a CϩY agarose slab. Images were taken with an Olympus Cell R IX 81 microscope equipped with an 100ϫ oil immersion objective (numerical aperture [NA], 1.3) and an Olympus FV2T Digital B/W Fireware camera. Images were elaborated using the Cell R version 2.0 software and CorelDRAW X3 (Corel Corporation). Fluorescence signals from protein colocalization analysis were analyzed by FluoView software (Olympus). The expression levels of CFP-FtsZ, GFP-FtsA, and GFP-StkP fusion proteins were about 2-fold higher than those of their respective native counterparts (see Fig. S4E in the supplemental material) and did not affect the morphology of the cells or their localization, as previously reported (38, 48) . Finally, time-lapse microscopy was carried out according to the method in reference 38. Briefly, cells were grown at 37°C in CϩY medium and attached to a thin 1.5% low-melting-point agarose CϩY matrix. The microscope slide was incubated at 37°C in a temperature-controlled chamber of the Olympus Cell R IX 81 microscope. Phase-contrast and fluorescence images were taken every 10 min. The movies were assembled using ImageJ software.
Image analysis. Cell size was measured by automated MicrobeTracker software (45) using phase-contrast images from at least two microscopic fields from two independent experiments. The cell length of 400 cells was analyzed by statistical program GraphPad Prism 3.0. Fluorescence images of live dividing pneumococcal cells were manually binned into six division stages (36, 37, 41) based on cell morphology and localization profile. More than 300 cells were analyzed from at least two fields from each of two independent biological replicate experiments, and percentages of cells for each stage are indicated. Fluorescence intensity profiles showing distributions of molecules along the longitudinal cell axis were traced for representative cells in each division stage.
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